In a human menstrual cycle, the endometrium undergoes remodeling, shedding, and 23 regeneration, all of which are driven by substantial gene expression changes in the 24 underlying cellular hierarchy. Despite its importance in human fertility and 25 regenerative biology, mechanistic understanding of this unique type of tissue 26 homeostasis remains rudimentary. We characterized the transcriptomic 27 transformation of human endometrium at single cell resolution, dissecting the 28 multidimensional cellular heterogeneity of this tissue across the entire natural 29 menstrual cycle. We profiled the behavior of 6 endometrial cell types, including a 30 previously uncharacterized ciliated epithelial cell type, during four major phases of 31 endometrial transformation, and found characteristic signatures for each cell type 32 and phase. We discovered that human window of implantation opens with an abrupt 33 and discontinuous transcriptomic activation in the epithelia, accompanied with 34 widespread decidualized feature in the stromal fibroblasts. These data reveal 35 signatures in the luminal and glandular epithelia during epithelial gland 36 reconstruction, and suggest a mechanism for adult gland formation. 37 38
Introduction 39
The human menstrual cycle -with its monthly remodeling, shedding, and 40 regeneration of the endometrium -is not shared with many other species. Similar 41 cycles have only been consistently observed in human, apes, and old world monkeys 42 (Emera et al., 2012; Martin, 2007) and not in any of the model organisms which 43 undergo sexual reproduction such as mouse, zebrafish, or fly. This cyclic 44 transformation is executed through dynamic changes in states and interactions of 45 multiple cell types, including luminal and glandular epithelial cells, stromal 46 fibroblasts, vascular endothelial cells, and infiltrating immune cells. Although 47 different categorization schemes exist, the transformation can be primarily divided 48 into two major phases by the event of ovulation: the proliferative (pre-ovulatory) and 49 secretory (post-ovulatory) phase (Noyes et al., 1950) . During the secretory phase, the 50 endometrium enters a narrow window of receptive state that is both structurally and 51 biochemically ideal for embryo to implant (Croxatto et al., 1978; Wilcox et al., 1999) , 52
i.e. the mid-secretory phase or the window of implantation (WOI). To prepare for this 53 state, the tissue undergoes considerable reconstruction in the proliferative phase, 54
during which one of the most essential elements is the formation of epithelial glands 55 (Filant and Spencer, 2014) . or mechanism-linked characterization from bulk readouts due to the uniquely 66 heterogeneous and dynamic nature of endometrium. 67 68
The complexity of endometrium is unlike any other tissue: it consists of multiple cell 69 types which vary dramatically in state through a monthly cycle as they enter and exit 70 the cell cycle, remodel, and undergo various forms of differentiation with relatively 71 rapid rates. The notable variance in menstrual cycle lengths within and between 72
individuals (Guo et al., 2006) adds an additional variable to the system. Thus, 73 transcriptomic characterization of endometrial transformation at our current stage 74 of understanding requires that cell types and states be defined with a minimum of 75 bias. High precision characterization and mechanistic understanding of hallmark 76 events, such as the WOI, requires that we study both the static and dynamic aspects 77 of the tissue. Single cell RNAseq provides an ideal platform for these purposes. We 78 therefore performed a systematic transcriptomic delineation of human endometrium 79 across the natural menstrual cycle at single cell resolution. 80 81
Results 82
To characterize endometrial transformation across the natural human menstrual 83 cycle, we collected endometrial biopsies from 19 healthy and fertile women, 4-27 84 days after the onset of menstrual bleeding (Figure S1 ). All women were on regular 85 menstrual cycles, with no influence from exogenous hormone or gynecologic 86 pathology. Single cells were captured and cDNA was generated using Fluidigm C1 87 medium chips. The fraction of reads mapped to the spike-in controls developed by 88 the External RNA Controls Consortium (ERCC) was used as a metric for quality 89 filtering (Method). 90 91 1-4 (Figure S3A insets) . The four phases were clearly time-associated (Figure S3A) , 138 confirming the overall validity of the time annotation. Examples where the orders 139 between two women in their phase assignments and time annotation were reversed 140 and cases where cells with the same time annotation were assigned into different 141 phases demonstrate the bias and imitated resolution if we were to use time directly 142 for characterizations ( Figure S3A) . 143 144
Constructing single cell resolution trajectories of menstrual cycle using mutual 145 information based approach 146 Endometrial transformation over the menstrual cycle is at least in part a continuous 147 process. A model that not only retains phase-wise characteristics but also allows 148 delineation of continuous features between and within phases will enable higher 149 precision characterizations. To build such a model, we used a mutual information 150 (MI) (Tkačik and Walczak, 2011) based approach, such that we exploited the 151 information provided by the time annotation, minimized its limitation noted in the 152 previous section, and accounted for potential continuity between and within phases. 153 Briefly, we enriched for genes that were changing across the menstrual cycle based 154 on the MI between gene expression and time annotation regardless of underlying 155 model of dynamics (Method). In total we obtained 3,198 and 1,156 "time-associated" 156 genes for unciliated epithelia and stromal fibroblasts, respectively (FDR<0.05) 157
( Figure S3B ). For both cell types, dimensional reduction (tSNE) using time-158 associated genes revealed the same four major phases that we obtained using 159 unsupervised approach (Figure S3C, insets) , demonstrating that the MI-based 160 approach reduced the bias of the time annotation to the same extent as unsupervised 161 approach. Meanwhile, the MI-based approach enabled identification of a clear 162 trajectory that connected the phases and was time-associated within phases. We which we refer to as pseudotime ( Figure 3A) . We observed high correlations 167
between time and pseudotime for both unciliated epithelia and stromal fibroblasts 168
( Figure 3B) . The high correlation between pseudotimes of the two cell types from 169 the same woman ( Figure 3C ) further supports the validity of the trajectories. 170 171
The WOI opens with an abrupt and discontinuous transcriptomic activation in 172 unciliated epithelium 173
Interestingly, we observed a notable discontinuity in the trajectory of unciliated 174 epithelia between phase 4 and the preceding phases (Figure 3A , left). This 175 discontinuity was consistently observed regardless of the method we used for 176 dimension reduction (Figure S4A , S4B) or feature enrichment ( Figure S4C) . It is 177 unlikely to be an artifact of sampling density given that the involved biopsies were 178 taken with a maximum interval of one day (Figure S1 ) and that a similar 179 discontinuity was not observed in the stromal fibroblast counterpart (Figure 3A , 180 right). To understand the nature of this discontinuity, we explored the genes and their 181 dynamics that contributed to it. Briefly, we identified genes that were dynamically 182 changing along the single-cell trajectories of endometrial transformation by 183 calculating the MI between gene expression and pseudotime, obtaining 1,382 and 527 184 genes for unciliated epithelia and stromal fibroblasts, respectively (FDR<1E-05, 185 Figure S5A ). Ordering these genes based on the pseudotime at which their global 186 maximum was estimated to occur (pseudotimemax, Method) revealed the global 187 features of transcriptomic dynamics across the menstrual cycle ( Figure S5B) . In 188 unciliated epithelia, the dynamics demonstrated an overall continuous feature across 189 phase 1-3, until an abrupt and uniform activation of a gene module marked the 190 entrance into phase 4 ( Figure 4A, S5B left) . Genes in this module included PAEP, 191 GPX3, and CXCL14 (Figure 4A) The parallel transition in stromal fibroblasts is also characterized with three similar 237 groups of genes (Figure 4B, S5B Cell type identity and cell state are primarily driven by small groups of transcriptional 248 regulators. We therefore sought to identify WOI-associated transcriptional factors 249
(TF) to understand what drives the opening and closure of WOI. We first 250 characterized all TFs that are dynamic across the menstrual cycle (Method) and found 251 for both unciliated epithelia and stromal fibroblasts, these TFs can be primarily 252 assigned to two main categories (Figure S6A , B, Table S2 ), i.e. with 1 or 2 peak(s) of 253 expression detected within one menstrual cycle. Similar to what we observed at 254 whole transcriptome level, the global TF dynamics of the two cell types are notably 255 distinct at the opening of WOI, where in unciliated epithelia a single major 256 discontinuity occurred ( Figure S6A) , whereas in stromal fibroblasts no comparable 257 discontinuity was observed ( Figure S6B) . These, at the level of transcriptional 258 regulators, validated the WOI-associated transcriptomic dynamics described in 259 previous sections. 260 261 We next define WOI-associated TFs as those with a peak expression detected after 262 the opening of WOI (Figure S6C, D) , i.e. the boundary between phase 3 and 4. We 263 further divided these TFs into those 1) that peaked during, and 2) that peaked at the 264 end of phase 4, with the hypothesis that the former are more likely related to the 265 opening of the WOI and the latter the closure. Interestingly, we found that these two 266 groups of TFs are enriched with notably different functional roles. For unciliated 267 epithelia, group 1) TFs are dominated by regulators of early developmental process, 268 especially in differentiation (IRX3, PAX8, MITF, ZBTB20); whereas group 2) TFs 269 include those associated with ER stress (DDIT3) and immediate early genes (FOS, 270 FOSB, JUN). For stromal fibroblasts, group 1) TFs are primarily consisted of 271 regulators of chondrocyte differentiation via cAMP pathways (BHLHE40, ATF3), 272
hence are likely drivers for decidualization, and HIVEP2 -binder to the enhancer of 273 MHC class I genes (discussed more in later sections on immune cells); group 2) TFs 274 include those with roles in ER stress (YBX3, ZBTB16) as well as in regulation of 275 inflammatory (XEBPD) and apoptosis (STAT3). Of note, we highlight the concurrent 276 upregulation of MTF1, which activates the promoter of metallothionein I ( Figure  277 S6C), with metallothionein I genes (MT1F, 1X, 1E, 1G, Figure 4A ) in unciliated 278 epithelia, revealing these heavy metal binding proteins as a key regulatory module 279 associated with WOI. 280 281
In summary, our analysis enabled the identification of key drivers for the opening and 282
closure of the human WOI as well as transitions between other major cycle phases 283
( Figure S6C , D, top panels). We also highlight the dynamics of nuclear receptors for 284 major classes of steroid hormones (Figure S6E) , as a special group of TFs mediating 285 the communication between endometrium and other female reproductive organs. 286
Lastly, we performed similar analyses on genes encoding secretory proteins ( Figure  287 S7, Table S3 ) and report those associated with the WOI (Figure S7C, D) .
The relationship between endometrial phases identified at the transcriptome 290 level is consistent with canonically defined endometrial phases 291
Since its formalization in 1950 (Noyes et al., 1950), a histological definition of 292 endometrial phases, i.e. the proliferative, early-, mid-, and late-secretory phases, has 293 been used as the gold standard in determining endometrial state. It also usually 294 serves as the ground truth in bulk-based profiling studies in categorizing endometrial 295 phases. Given that there were clear differences between our phase definition and the 296 canonical definition, we investigated the relationship between the two. 297 298
Cell mitosis is one of the most distinct features of the pre-ovulatory (proliferative) 299 endometrium, hence the naming of proliferative phase. Thus, to identify the boundary 300 between proliferative and secretory phases, we first explored cell cycle activities 301
across the menstrual cycle. Specifically, we defined endometrial cell cycle associated 302 genes ( Figure S8A it was most elevated in phase 1, slightly decreased in phase 2, and almost completely 307 ceased in later phases (Figure S8C , D, right), indicating that the transition from phase 308 2 to 3 is between pre-ovulatory to post-ovulatory phases. 309 310
To further validate this assignment, we defined characteristic signatures for phase 1-311 4 ( Table S4 , Method) and identified major hierarchies of biological processes that 312
were enriched by the signatures ( fibroblasts: str), and angiogenesis (str) and phase 2 by cell proliferation (epi), phase 316 3 was dominated by negative regulation of growth (epi) and response to ions (epi) 317 and phase 4 by secretion (epi) and implantation (epi). The transition from a positive 318 to a negative regulation in growth from phase 2 to 3 further confirmed a pre-319 ovulatory to post-ovulatory transition (Talbi et al., 2006). 320 321
Lastly, we used previous bulk tissue analyses to help differentiate the pre-ovulatory 322 and post-ovulatory phases. We reasoned that although bulk data is confounded by the 323 varying proportion of the major cell types, i.e. stromal fibroblasts and unciliated 324 epithelia , bulk and single cell data taken together should have high level of consensus 325 on genes that 1) are in synchrony between the two cell types or 2) have negligible 326 expression in one cell type but significant phase-specific dynamics in another. We 327 therefore identified genes with these characteristics using our single cell data ( Figure  328 4). As expected, among these genes we identified are those that have been 329
consistently reported by bulk studies to be characteristic of canonical endometrial 330 phases, confirming the validity of using them to identify the WOI. Particularly, the 331 upregulation of the metallothioneins (MT1F, X, E, G) from phase 2 and 3 was 332 characteristic of proliferative to early-secretory transition based on bulk reports 333 (Ruiz-Alonso et al., 2012; Talbi et al., 2006). Therefore, considering all of the evidence 334 above, phases 1 and 2 can be identified as pre-ovulatory (proliferative) phases, and 335 phases 3 and 4 as post-ovulatory (secretory) phases. With the anchor provided by the 336 WOI, phase 3 can thus be identified as the early secretory phase. 337 338
In phase 1, we observed sub-phases in both unciliated epithelia and stromal 339
fibroblasts that are primarily characterized with genes that are gradually decreasing 340 or increasing towards later part of the phases (Figure 4A, S5B ). In the unciliated 341 epithelia, the gradually decreasing genes included phase 4 genes (e.g. PAEP, GPX3), as 342 well as PLAU, which activates the degradation of blood plasma proteins. The down-343 regulation of these genes suggested the end of menstruation, and hence the transition 344 from menstrual to proliferative phase in the canonical definition. Phase 2 can 345 therefore be identified as a second proliferative phase at the transcriptome level. At 346 histological level, transformation in the proliferative endometrium was reported to 347 be featured with morphological changes so gradual that they do not permit the 348 recognition of distinct sub-phases (Noyes et al., 1950). We however have discovered 349 that at the transcriptomic level, proliferative endometrium can be divided into two 350 subphases in both unciliated epithelia and stromal fibroblasts that can be 351 quantitatively identified by transcriptomic signatures (Figure S9 ).
353
Lastly, we explored interactions between unciliated epithelia and stromal fibroblasts 354 by identifying ligand-receptor pairs that were expressed by the two cell types across 355 the major phases/subphases of the cycle (Table S6 , Method). We note one major 356 feature within the identified ligand-receptor pairs: they are dominated by a diverse 357 repertoire of extracellular matrix (ECM) proteins paired with integrin receptors, 358
suggesting that ECM-integrin interaction is a major route of communication between 359 the two cell types. We were also able to identify key interactions at the WOI such as 360 between LIF and IL6ST, with LIF being a key gene implicated in endometrial Transcriptome signatures in deviating glandular and luminal epithelium 364 supports a mechanism for adult epithelial gland formation 365
In unciliated epithelia, we noticed further segregation of cells ( Figure 5A ) in the 366 direction perpendicular to the overall trajectory of the menstrual cycle. To validate 367 this segregation, we independently performed dimension reduction (tSNE) on cells 368 from each of the major phases ( Figure S10A) , excluding genes associated with cell 369 cycles ( Figure S8 ). The results confirm the observed segregations when tSNE was 370 done on all unciliated epithelia ( Figure 5A ). 371 372
To identify the nature of this segregation, we performed differential expression 373 analysis and found genes that consistently differentiated the subpopulations across 374 multiple phases ( Figure 5B) . We examined immunohistochemistry staining of these 375 genes in the Human Protein Atlas (Uhlen et al., 2015) and found that genes 376 upregulated in one population stained intensely in epithelial glands, whereas genes 377 upregulated in the other demonstrated had no to low staining. Moreover, among 378 these genes we found a few that were associated with luminal and glandular epithelia. 379 ITGA1, which was reported to be consistently upregulated in glandular epithelia than 380 in luminal epithelia (Lessey et al., 1996), started to differentially express between the 381 two populations at phase 2 and the differential expression persisted for the rest of Within the differentially expressed genes, we also noticed some that were previously 391 reported to be critical for endometrial remodeling and embryo implantation ( Figure  392 5C), and discovered that they were characterized with unique dynamic features. was down-regulated in glandular epithelium throughout phase 2, 3, and early phase 397 4. MMP26, a metalloproteinase reported to be up-regulated in proliferative 398 endometrium (Ruiz-Alonso et al., 2012), was differentially expressed in glandular 399 epithelia until phase 4. Of note, we observed no such differential expression in phase-400 defining genes presented in the earlier sections or housekeeping genes ( Figure  401 S10B). 402 403
Compared to the consistent distinction between the ciliated and unciliated epithelia, 404 the deviation between luminal and glandular epithelia at transcriptome level was 405 subtler and more dynamic: it became noticeable at late phase 1 and was most 406 pronounced in phase 2 (Figure 5A and Figure S10A ). This observation is further 407 supported by the dynamics of differentially expressing genes such as HPGD, SULT1E1, 408
LGR5, VTCN1, and ITGA1 (Figure 5C, D) , among many others (Figure S10C) , in that 409
the maximum deviation of their expression in luminal and glandular cells was 410 reached in phase 2 (the latest phase before ovulation). 411 412
Functional enrichment analysis of genes overexpressed in the luminal epitheliA in 413 proliferative phase revealed extensive enrichments in morphogenesis and 414 tubulogenesis which lead to the development of anatomic structures, as well as 415 morphogenesis at the cellular level which lead to differentiation (Figure 5E ). The 416
Wnt signaling pathway, associated with gland formation during the development of 417 the human fetal uterus, was also enriched in this gene group, along with growth, ion 418 transport, and angiogenesis. On the other hand, the most pronounced feature of the 419 glandular subpopulation in the same phase was a consistently higher fraction of 420
cycling cells compared to their luminal counterparts (Figure S8C, left) . The co-421 occurrence of the ceasing of cell cycle activity and maximized deviation between the 422 two subpopulations in phase 2 also suggests that the important role proliferation 423 plays in the process. 424 425
In addition, we identified a third cell group in the first three biopsies on the 426 pseudotime trajectory (ordered by the median of pseudotime of all cells from a 427 woman) ( Figure 5A , S10A, S12). This cell group is transcriptomically in between 428
luminal and glandular epithelia (Figure S10D) , expressing markers from both, 429
suggesting either an intermediate state undergoing transition between two 430 populations or a bipotential progenitor state giving rise to both populations. To 431 explore whether our data supports one state over the other, we examined genes that 432 are overexpressed in this cell group over both luminal and glandular epithelia 433 (Figure S10E) , where we found genes that are of mesenchymal origin, including CD90 434 (THY1) and fibrillar collagens (COL1A1, COL3A1) as well as transcriptional factors 435 that are associated with transitions between mesenchymal and epithelial states, 436
including TWIST1, slug (SNAI2) (reviewed by Zeisberg and Neilson, 2009), and WT1 437 (reviewed by Miller-Hodges and Hohenstein, 2011). The downregulation of these 438 genes from the ambiguous cell group to unciliated epithelia later in the pseudotime 439 trajectory suggested that it is a bipotential mesenchymal progenitor population that 440 develops into luminal and epithelia through mesenchymal to epithelial transition 441 (MET). In fact, we observed the transition between epithelial and mesenchymal states 442 in cells both at the earliest and the latest timepoints on the pseudotime trajectory 443 (Figure 5A) , indicating that the transition peaked both immediately before and after 444 menstruation. This characteristic dynamic is further evidenced by the temporal 445 expression of vimentin (VIM), a canonical mesenchymal marker, in unciliated 446 epithelia (Figure S10F) , where its expression is sustained in phase 1 and 2 447 (menstrual and proliferative phases), repressed in phase 3 and early phase 4 (early-448 and mid-secretory phases) and rises again in late phase 4 (late-secretory phase Using the phase definition of unciliated epithelia and stromal fibroblasts, we assigned 472 other endometrial cell types from the same woman into their respective phases and 473 quantified their relative abundance across the cycle (Figure S11A) . We observed an 474 overall increase in ciliated epithelial cells across proliferative phases and a 475 subsequent decrease in secretory phases as well as a notable rise in lymphocyte 476 abundance from late-proliferative to secretory phases. defined. The dramatic increase in lymphocytes abundance in the early secretory 489 phase in our data strongly suggests their involvement in decidualization ( Figure  490 S11A). We therefore characterized their transcriptomic dynamics across the 491 menstrual cycle to explore their roles and their interactions with other endometrial 492 cell types during decidualization. 493 494
Compared to their counterparts in non-decidualized endometrium (i.e. secretory 495 (phase 3) and proliferative phases), lymphocytes in decidualized endometrium 496 (phase 4) in natural menstrual cycle have increased expression of markers that are 497 characteristic of uterine NK cells during pregnancy (CD69, ITGA1, NCAM1/CD56) 498 (Figure S11B) . More interestingly, they express a more diverse repertoire of both 499 activating and inhibitory NK receptors (NKR) responsible for recognizing major 500 histocompatibility complex (MHC) class I molecules (Figure 6A) . We observed 501 lymphocytes expressing both NK and T cell markers and those expressing only NK 502 markers (Figure S11B) , and therefore classified them as "CD3+" and "CD3-" cells 503
based on their expression of markers characteristic of T cells (Figure S11B) . 504 Particularly, for both "CD3+" and "CD3-" cells, a noticeable rise in the fraction of cells 505 expressing CD56, the canonical NK marker during pregnancy, occurs as early as the 506 tissue transitioned from proliferative to secretory phase (Figure S11C ), suggesting 507 again that decidualization was initiated before the opening of the WOI. 508 509
We next identified genes that are dynamically changing in the immune cells across 510 the menstrual cycle and characterized those that are associated with immune 511 functionality (Figure 6B) . In "CD3-" cells, we observed a significant rise in cytotoxic 512 granule genes in decidualized endometrium (phase 4), with the exception of GNLY. In 513 "CD3+" cells, this rise in cytotoxic potential is manifested by an increase in CD8, while 514 the elevation in cytotoxic granule genes is only moderate. For both "CD3+" and "CD3-515
" cells, the increase in IL2 receptors expression is noticeable in phase 4. Equally 516 notable are genes involved in IL2 elicited cell activation. As for the 517 cytokine/chemokine repertoire, "CD3-" cells in decidualized endometrium express a 518 high level of chemokines. Their "CD3+" counterparts, although expressing a more 519 diverse cytokine repertoire, demonstrate much lower chemokine expression. Lastly, 520
both "CD3+" and "CD3-" cells in decidualized endometrium have negligible expression 521 in angiogenesis associated genes (Figure 6B) , contrary to their counterparts during 522 pregnancy. 523 524
Intriguingly, decidualized stromal fibroblasts upregulate immune-related genes that 525 reciprocated those upregulated in phase 4 immune cells. With the diversification of 526 NKR observed in immune cells in the decidualized endometrium (Figure 6A) , we 527
observed an overall elevation in MHC class I genes in decidualized stromal fibroblasts 528 (Figure 6C) , including HLA-A and HLA-B, which are recognized by activating NKR, as 529 well as HLA-G, recognized by inhibitory NKR. Worth noting was concurrent 530 upregulation of HIVEP2 (Figure S6D) , a TF responsible for MHC class I genes 531
upregulation. With the IL2-elicited activation observed in immune cells in the 532 decidualized endometrium (Figure 6B) , we noticed not only the elevation of IL15 533 (plays similar roles as IL2) in decidualized stromal fibroblasts, as well as IL15-534
involved pathways that regulate lymphocyte activation and proliferation (Figure 6C , 535 function annotation #4). Lastly, an angiogenesis associated pathway is elevated in 536 decidualized stromal fibroblasts, complementing the lack of this functionality 537 observed NK cells in the same phase. 538 539
Using immunofluorescence, we compared the spatial proximity between the 540 identified immune subsets and stromal fibroblasts before (Figure 6D, E) and during 541 (Figure 6F, G) decidualization. We observed notable increase in the number of both 542 CD3+ (Figure 6D, F) and CD56+ (Figure 6E, G) subsets that are in close proximity 543 with stromal fibroblasts during decidualization compared to pre-decidualization, 544
validating the direct interplays between these immune and stromal subsets during 545 decidualization. 546 547
Discussion 548
In this work, we studied both static and dynamic characteristics of the human 549 endometrium across the menstrual cycle with single cell resolution. At the 550 transcriptomic level, we used an unbiased approach to identify 6 major endometrial 551 cell types, including a ciliated epithelial cell type, and four major phases of 552 endometrial transformation. For the unciliated epithelia and stromal fibroblasts, we 553 used high-resolution trajectories to track their remodeling through the menstrual 554 cycle with minimum bias. Based on these fundamental units and structures, we 555
identified and characterized the receptive state of the tissue with high precision and 556 studied the dynamic cellular and molecular transformations that lead to the receptive 557 state. 558 559
The use of single cell RNAseq to characterize human endometrium is at an early stage. 560
Using supported by multiple biological replicates (i.e. women, Figure S12) , such that none 572 of the biological results we reported in the study were due to "individual-specific" 573 results, undersampling, or confounded by pathological conditions. 574 575
An important result of our work is the molecular characterization of the ciliated 576 epithelium as a transcriptomically distinct endometrial cell type; these cells are 577 consistently present but dynamically changing in abundance across the menstrual 578 cycle (Figure S11A) . Although the existence of ciliated cells in the human 579 endometrium has been speculated upon based on microscope studies since the 580 1890's (Benda, 1894), researchers have been hesitant to include them as an 581 endometrial cell type due to two persisting controversies: 1) whether they exist solely 582 due to pathological conditions (Novak and Rutledge, 1948) and 2) whether they 583 persist across the entire menstrual cycle. In general, ciliary motility facilitates the material transport (e.g. fluid or particles). 594
The notable increase of ciliated epithelia in second proliferative phase (Figure S11A ) 595 suggests that they may play a role in sperm transport towards fallopian tubes through 596 the uterine cavity. Moreover, their epithelial lineage identity and their consistent 597 presence in glandular epithelia, as shown by our in situ results (Figure 2) , suggest 598 they may function as the mucociliary transport apparatus, similar to those in the 599 respiratory tract, to transport the secretions and provide proper biochemical milieu. 600
Further elucidation of this role may facilitate more accurate diagnosis of infertility. In 601 addition, we highlight the notably high fraction of genes (~25%) in the derived 602 signature with no functional annotations (Figure S2, Table S1 ). Co-expression of 603 these genes (Figure 1C, 2) . with known cilium-associated genes and their exclusive 604 activation in ciliated epithelium provides evidence for their cilium-associated 605
functionality studies that link the roles of these un-annotated genes with cilia functionality will also 609 facilitate the understanding of this organelle. 610 611
We identified the opening of the WOI and discovered unique transcriptomic dynamics 612 accompanying both the entrance and the closure of the WOI. It was previously 613 postulated that a continuous dynamics would better describe the entrance of WOI 614 since human embryo implantation doesn't seem to be controlled by a single hormonal 615 factor as in mice (Hoversland et al., 1982; Paria et al., 1993), while discontinuous 616 characteristics were also speculated based on morphological observation of plasma 617 membrane transformation (Murphy, 2004) . Our data suggest that the WOI opens with 618 an abrupt and discontinuous transcriptomic transition in unciliated epithelia, 619
accompanied by a more continuous transition in stromal fibroblasts. The abruptness 620 of the transition also suggests that it should be possible to diagnose the opening of 621 the WOI with high precision in clinical practices of in vitro fertilization and embryo 622 transfer. 623 624
It is intriguing that the mid-and late-secretory phases fall into the same major phase 625 at the transcriptomic level, especially since the physiological differences between 626 mid-(high progesterone level, embryo implantation) and late-secretory phase 627 (progesterone withdraw, preparing for tissue desquamation) seem to be as large as 628 that between early-to mid-secretory phase, if not larger. In fact, the characteristic 629 transition at the closure of the WOI is largely contributed by the same group of genes 630 that contributed to the abrupt opening of the WOI, except that while at the opening 631 their upregulation is rapid and uniform across all cells, at the closure the 632 downregulation was executed less uniformly and across a longer period of time. From 633 a dynamic perspective, the difference suggests that the transition between mid-to-634 late secretory phases, although in magnitude may be similar to that between early-635 to-mid secretory phases, is slower in rate, perhaps reflective of the rate of 636 progesterone withdrawal. From a molecular perspective, the less uniform 637 downregulation of genes suggests that the closure of the WOI may be mediated 638
through paracrine factors and cell-cell communications. 639 640
The abrupt opening of the WOI also allowed us to elucidate the relationship between 641 the WOI and decidualization. As noted earlier, decidualization is the transformation 642 of stromal fibroblasts that is necessary for pregnancy in both human and mouse, and 643 supports developments of implanted embryo. , 1997) . Our analysis suggests a mechanism that involves MET for re-671 epithelization, followed by tubulogenesis in the luminal epithelium as well as 672 proliferation activities that were locally concentrated at glandular epithelium for 673 reformation of epithelial glands. Our data however cannot rule out the possibility that 674 cells that re-epitheliate the endometrium are the progeny of previously reported 675 candidates with stemness characteristics. 676 677
Lastly, we provide evidence for the direct interplay between stromal fibroblasts and 678 lymphocytes during decidualization in menstrual cycle. Our analysis suggests that 679 during decidualization in the cycling endometrium, stromal fibroblasts are directly 680 responsible for the activation of lymphocytes through IL2-eliciated pathways. In summary, we systematically characterized the human endometrium across the 694 menstrual cycle from both a static and a dynamic perspective. The high resolution 695
of the data and our analytical framework allowed us to answer previously 696 unresolved questions that are centered on the tissue's receptivity to embryo 697 implantation. We envision that our findings and the molecular signatures we 698 discovered will provide conceptual foundations and practical molecular anchors 699 for future studies. 700 701
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